4.1( -) hereditary elliptocytosis (HE) is a variety of elliptocyto
T assembly that laminates the inner surface of the plasma membrane. Spectrin, actin, and protein 4.1 are the major components of the skeleton. Specifically, protein 4.1 tightens the interaction between actin and the distal region of spectrin. Chymotrypsin-limited digestion allowed dissection of erythroid protein 4.1 in four major domains (30, 16, 10, and 22/24 Kd) . ' The coding sequence of erythroid cDNA was obtained by Conboy et al. ' Over the last decade, hereditary elliptocytosis (HE) has been related to an array of mutations affecting spectrin or protein 4.1.3-5 4.1(-) HE was first described in the homozygous state in three Algerian siblings who completely lacked protein 4.1 and whose parents were first cousins.6" The heterozygous form, also designated the 4.1(-) trait, has been characterized by Alloisio et a1. 8 It exhibits a homogeneous picture: no clinical signs; numerous, smooth, and well elongated elliptocytes; dominant mode of transmission. The amount of protein 4.1 is reduced by approximately 30%. Since this initial description, other investigators found similar features in distinct families. '-" A survey of the literature and some unpublished data from this laboratory indicate that 18 families with 4.1( -) HE have been recorded (as listed in December 1989). Seven are from F r a n~e ,~.~ two from Spain and two from Portuga18,1",12 (and unpublished results), and one from Lithuania," Poland,'" England (or Scandinavia?),'" Italy," Algeria,637 and Tunisia (unpublished results), respectively. The origin of one of the families described by Lambert and Zail'" was not mentioned. 4.1(-) HE also occurs in Japan (Prof Y. Yawata, Kawasaki Medical School, Kurashiki, Japan, personal communication, October 1990). In the only Algerian family described thus far, Conboy et a1 observed a DNA rearrangement and an abnormal pre-messenger RNA (pre-mRNA) 4.1 spli~ing.~"'~ In one South African family of European descent, Lambert et all5 found unique Bgl I1 and Pvu I1 restriction fragment length polymorphisms (RFLPs) segregating with the 4.1( -) trait; the other families investigated by these authors did not display these RFLPs. From these observations, it could be anticipated that 4.1(-) HE is a heterogeneous disorder on a molecular basis.
This report describes nine families with the 4. 
CASEREPORTS
From 1983 to 1989, we found nine families with 4.1( -) HE in the heterozygous state (Fig 1) . They all resided in or near the city of Annecy, in the French Northern Alps (no other variety of HE was recruited in parallel). Families were named after the propositi. In families BG, BU, and LA, the propositi were old and/or debilitated by nonhematologic illnesses; analyses were performed in their children and grandchildren. In several families, elliptocytosis was found in additional members; the latter were not extensively investigated and do not appear in the genetic trees (except for one member in family PE). The data pertaining to family GR have been presented in our initial report on the 4.1(-) traitn and will be reincorporated in the present work for statistical purposes.
Altogether in these groups, respectively. Using the t-test, these values were not significantly reduced in the 4.1( -) trait carriers. In addition, the prevalence of women in the 4.1(-) group and of men in the normal group tended by itself to decrease the values of the 4.1(-) HE group with regard to those of the normal group. The altitude (from 1,250 to 3,400 ft) would not produce any appreciable erythrocytosis, which would apply to both normal and elliptocytic groups anyway. Whereas the 4.1(-) trait carriers were free of anemia, an apparent increase of the reticulocytes (109/L) was noted: 91 f 59 in 17 4.1( -) trait carriers versus 57 f 29 in seven controls; however, the large standard error caused the t-test to be nonsignificant. Bilirubin (pmol/L) remained unchanged: 10 f 4 in 15 4.1(-) trait carriers versus 9 f 6 in six controls (t-test nonsignificant). None of the 36 controls (see below) used for the assay of protein 4.1 belonged to the above families. Usually, they originated from different geographic areas.
MATERIALS AND METHODS
Protein analysis. Preparation of erythrocyte ghosts and electrophoretic analysis of membrane proteins were performed as described or referred to before? In particular, protein 4.1 and its Table 2 Table 2 ). subcomponents 4.la and 4.lb were resolved by polyacrylamide gel electrophoresis (PAGE),I6 using a homogeneous acrylamide concentration (7%). Gels were scanned (570 nm) after Coomassie blue staining. To obtain polyclonal antibodies against protein 4.1, we used Triton-shells so that protein 4.1 would be free of membranebound sialoglycoprotein a dimers (that migrate at the same level as protein 4.1 on sodium dodecyl sulfate-PAGE [SDS-PAGE]). Triton-shell proteins were separated using the same type of electrophoresis16 (5% to 15% linear concentration gradient of acrylamide). Band 4.1 was cut out and desintegrated with a dispersing tool. Antibodies were raised and Western blots were performed as previously described (concerning another protein)." Statistical results are given as mean f SD in the text. However, mean f 2 SD is indicated in Fig. 3 .
DNA was extracted from peripheral blood leukocytes (PBL), digested with several restriction endonucleases, and subjected to Southern blot analysis as described or referred to elsewhere.I8 Three random primed 4.1 cDNA probes were used (Fig 2) : (a) a 0.72-kb EcoRI insert of pA 2.1 clone derived from a human bone marrow cDNA library," (b) a 1.46-kb fragment (pLym 5'), and (c) a 1.28-kb fragment (pLym 3') corresponding to the 5' and 3' moieties, respectively, of a lymphoid cDNA 4.1 (lacking motif I) designated pLym."." Reticulocyte mRNA analysis. Total reticulocyte RNA was studied in some individuals from families BU, DU, PE, and PI. It was prepared from PB as polysomal precipitates and extracted with phenol-chloroform-isoamyl alcohol. 4.1 mRNA was studied by Northern blot analysis. Total RNA was electrophoresed and transferred to nylon membranes following the procedure of Fourney et al." For dot-blot experiments, serial dilutions of RNA were prepared in a formamide-MOPS-formaldehyde mix" and applied to nylon membrane using a filtration manifold. Northern blot and dot-blot hybridizations were performed using each of the 4.1 cDNA probes described above. For quantitative evaluations, measurements of optical density (OD) with no filter were performed on RNA dot blots as described previously.'" O D had to lie between 0.15 and 1.70. As an internal standard, we used the signal yielded by an a-globin probe (1.5-kb Psr I fragment)*' in each filter. The following O D ratios were determined: pLym S'la-globin and pLym 3'la-globin. Finally, we calculated the pLym S'lpLym 3' ratio.
RESULTS
As established before: the 4.1(-) trait was transmitted in a fully dominant fashion and had a rather constant expression level conceming the morphologic and protein phenotypes (see below). The Rhesus phenotype of individual 11.1 of family PE was ccddee, indicating that the present 4.1(-) allele was associated with the r haplotype (cde). In families BE, GR, and LA, in which the Rhesus phenotype was also determined, the 4.1( -) allele was in consistent or obligate linkage with
The morphologic and protein phenofpes. the r haplotype. 
PY-
The manifestations displayed by the 4.1( -) trait carriers strictly conformed to previous results obtained by ourselves* and others?" Elliptocytes were numerous (about 100% of the RBCs), smooth, and well elongated (not shown). On SDS-PAGE (not shown) in 18 4 .1(-) carriers (member 11.2 of family PE was not investigated in this respect) versus seven controls, the amount of protein 4.1, expressed as the ratio of the latter to band 3 (4.1/3 ratio [ x 1001) (Fig 3) , was significantly reduced ( P < .001):
11.75 2 0.98 (n = 18) versus 16.25 -C 1.30 in 36 controls. The 4.la/3 ratio (~1 0 0 ) was also significantly reduced (P < .001): 7.37 2 0.75 (n = 18) versus 11.06 t 0.80 in 36 controls. The 4.lb/3 ratio ( X 100) reduction appeared small because of two counteracting factors: (1) the overall decrease of protein 4.1 and (2) the younger mean age of the RBC population (which tends to increase the 4.1b subcomponent). Nonetheless, the reduction was significant (P < .005), due presumably to the large size of the series: 4.39 2 0.84 (n = 18) versus 5.33 2 0.98 in 36 controls.
Finally, the 4.la/4.lb ratio also appeared to be significantly reduced (P < .001): 1.74 2 0.43 (n = 18) versus 2.22 t 0.49 in 36 controls, confirming a small degree of hemolysis. The alphabetical nomenclature of the sites is the same as that used in Table 1 . Fragment sizes (in kilobases) of the polymorphic and constant bands are depicted on the left and on the right of the autoradiograms, respectively. (+) and ( -) indicate the presence and the absence of a considered polymorphic site, respectively. The (B) and (C) autoradiograms correspond t o the same blot; heterozygosity for site c is detectable on autoradiogram (6) through the weak 6-kb band. In (C) and (D), we used pLym 3' and pA 2.1 probes, respectively (Table 1) .
Westem blots. Western blots were performed in at least one member of each family (except for family LA) using antiprotein 4.1 polyclonal antibodies. They failed to show any abnormal form of protein 4.1 (Fig 4) . Spectrin selfassociation parameters (percentage of dimer in crude spectrin extract at 4°C; association constant) were determined in some carriers of the 4.1(-) trait and found normal (not shown).
Southem blot analysis of normal and 4.1(-) genes. BamHI, Bgl 11, EcoRI, Msp I, Pvu 11, and Taq I failed to
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show any 4.1( -)-specific rearrangement in hybridization experiments using the pA 2.1 cDNA probe (not shown). DNA from all propositi (except for family BU), from the majority of their nonelliptocytic relatives, and from unrelatcd controls living in other areas was further analyzed by Pvu I1 and Bgl I1 restriction mapping. Due to the complex patterns of Southern blots of the 4.1 gene, it was useful to achieve blot hybridizations using three overlapping probes (Fig 2) to unmask several polymorphic bands having the same size as some constant bands (Table 1, Fig 5) . Two Bgl 11 and three Pvu I1 polymorphic sites were identified. The compilation of Southern blot analyses allowed us to tentatively arrange these sites, designated in an alphabetical order, in the 5' + 3' transcriptional sense (Table 1, Fig 5) . Five restriction haplotypes were determined, based on these polymorphic sites ( Table 2) . In all the propositi, the 4.1( -) chromosomes were found to be associated with the so designated haplotype I (+-++-), which is also the most frequently encountered haplotype among normal chromosomes in the families studied here (Fig 1) . However, the two siblings of family PE, while they inherited the 4.1( -) allele from their mother, displayed a different haplotype (haplotype 11) associated with this allele (in the mother, haplotype I was established in two blood samples). We will discuss this finding below.
Reticulocyte mRNAs from controls and from the following elliptocytic family members were analyzed: BU 11.1, DU 1.2, PE 1.2,II.l and 11.2, and PI 11.1. Northern blot analyses are presented in Fig 6. In controls, pLym 5' as well as pLym 3' probes showed a major 6.4-kb band and a minor, not always visible, 4.3-kb band, the origin of which is unknown. The same patterns were observed in DU 1.2 (Fig 6) , BU 11.1, and PI 11.1 (not shown), using pLym 5' and 3' probes. In 4.1(-) members from family PE, however, pLym 3' probe showed a second major band, estimated to be 4.4 kb (Fig 6) . This band was also shown by pA 2.1 probe (not shown), but did not react with pLym 5' probe.
Dot blots are presented in Fig 7. pLym 5' probe yielded a normally intense signal in DU 1.2 (Fig 7) , BU 11.1, and PI 11.1 (not shown). On the contrary, the signals were weakened in 4.1(-) members from family PE. pLym 3' probe gave a normally intense signal in the above 4.1(-) HE members from the four families. mRNA analysis. Altogether, no 4.1 mRNA abnormalities could be detected in families BU, DU, and PI. On the other hand, the changes observed in family PE are consistent with the occurrence of shortened, albeit stable, 4.1( -) mRNA. The missing segment would start upstream of the pLym 5' probe, eg, upstream of the nonerythroid intiation codon, and finish somewhere between (1) the 3' end of this probe and (2) a point upstream of the 3' end of pA 2.1 probe (a sufficiently long segment should be retained in between so as to allow hybridization with pA 2.1 probe). The deletion would encompass the erythroid initiation codon. At the peptide level, it would cover the 30-Kd domain and have a downstream limit in the 16-Kd domain or at the beginning of the IO-Kd domain (motif I).
DISCUSSION
The incidence of 4.1(-) HE appeared unusually high in the reqion of Annecy (Brunet et al, manuscript in preparation). In normal controls, we identified five polymorphic sites (Bgl II,2; Pvu II,3). Their arrangement was tentatively established. It is worth noting that the RFLPs a and b display only two subhaplotypes (+-) or (-+) ( Table 2 ). This apparently nonrandom association suggests that sites a and b are close to one another. In some cases, the sites may occur in large introns. For example, the Bgl I1 c site provides 6-and 15.5-kb fragments when it is present and absent, respectively. Because the complementary fragment (approximately 9.5 kb) is undetectable, we infer that both its restriction ends (including polymorphic site c) are within the same large intron. This polymorphic site is precisely the unique difference between haplotypes I and 11, which are observed between the proposita of family PE and her children. Based on a germline mosaicism hypothesis, the lack of the polymorphic site c could result from a de novo event (a point mutation or a small rearrangement) in a possible "hot spot" region including the site. In any case, this genomic change does not seem to interfere with the original 4.1( -) determinant, as suggested by Northern blotting and protein analyses. Finally, the simple biallelic mode of transmission of all the RFLPs argues for the presence of only one copy of the 4.1 gene per haploid genome.
Haplotype similarity (except for PE 11.1 and 11.2, see above) suggested at first that the same 4.1(-) allele would come into play in all families. Studies on mRNA, performed in four families, showed that this was not the case. Whereas no changes were detected in families BU, DU, and PI, a 2-kb deletion was noted in the three 4.1(-) members of family PE (regardless of the haplotype, see above). Yet, one particular 4.1( -) allele must be prevalent in the restricted geographic area considered. None of the present 4.1( -) alleles resembles that reported by Conboy et al'3.'4 in an Algerian family. These investigators found that the skipping of three exons, one of which includes the erythroid initiation codon, was associated with, but did not strictly correspond to, a genomic rearrangement. The 4.1( -) alleles described here should also be different from the one found in a South African family," which was characterized by specific Bgl I1 and Pvu I1 restriction patterns.
In families BU, DU, and PI, we still lack any indication concerning the type of the molecular lesion. In family PE, the deletion at the 4. 
